Alzheimer disease (AD) is characterized by excessive deposition of amyloid β-peptides (Aβ peptides) in the brain. In the nonamyloidogenic pathway, the amyloid precursor protein (APP) is cleaved by the α-secretase within the Aβ peptide sequence. Proteinases of the ADAM family (a disintegrin and metalloproteinase) are the main candidates as physiologically relevant α-secretases, but early lethality of knockout animals prevented a detailed analysis in neuronal cells. To overcome this restriction, we have generated transgenic mice that overexpress either ADAM10 or a catalytically inactive ADAM10 mutant. In this report we show that a moderate neuronal overexpression of ADAM10 in mice transgenic for human APP [V717I] increased the secretion of the neurotrophic soluble α-secretase-released N-terminal APP domain (APPsα), reduced the formation of Aβ peptides, and prevented their deposition in plaques. Functionally, impaired long-term potentiation and cognitive deficits were alleviated. Expression of mutant catalytically inactive ADAM10 led to an enhancement of the number and size of amyloid plaques in the brains of double-transgenic mice. The results provide the first in vivo evidence for a proteinase of the ADAM family as an α-secretase of APP, reveal activation of ADAM10 as a promising therapeutic target, and support the hypothesis that a decrease in α-secretase activity contributes to the development of AD.
Introduction
Alzheimer disease (AD) is a progressive neurodegenerative disorder characterized by the formation of amyloid β-peptides (Aβ peptides) and their deposition in the brain as senile plaques (1) . The Aβ peptides Aβ40 and Aβ42, and especially their oligomeric aggregates, are believed to play a central role in AD by causing neurotoxicity (2, 3) , development of neurofibrillary tangles (4), impairment of long-term potentiation (LTP) (5) , and age-related cognitive deficits (6) .
Strategies to treat AD are aimed at preventing the formation of Aβ peptides. Therefore, β-and γ-secretases that generate Aβ peptides by sequential cleavage of the amyloid precursor protein (APP) are obvious and main targets for the development of specific inhibitors (7) . Alternatively, increasing α-secretase activity in the brain provides an attractive strategy, since proteolysis of APP within the Aβ sequence precludes the formation of Aβ peptides (8) (9) (10) . In addition, α-secretase cleavage releases the N-terminal extracellular domain known as soluble α-secretase-released N-terminal APP domain (APPsα), which has neurotrophic and neuroprotective properties (11, 12) . It is interesting to note that a reduction of APPsα is evident in the cerebrospinal fluid of AD patients (13, 14) . The p3 peptide (Aβ17-42), derived by α-and γ-secretase cleavage of APP, is not generally found in amyloid cores of classical plaques or in amyloid deposits in the cerebral vasculature (15, 16) . It accumulates predominantly in diffuse amyloid deposits in selected areas of the AD brain (17) . In vitro, Aβ17-42 has been reported to induce neuronal apoptosis, although with a lower potency than Aβ1-42 (18, 19) . At present, it is not known whether an increase of α-secretase activity in vivo has overall beneficial effects with regard to AD pathology.
Three members of the ADAM family (a disintegrin and metalloproteinase), ADAM9, ADAM10, and ADAM17, can act as α-secretases in various cell lines (20) (21) (22) . ADAM10 in particular has many properties of a physiologically relevant α-secretase: it cleaves APP-derived peptides at the main α-secretase cleavage site between position 16 and 17 of the Aβ region, has α-secretase activity in cultured cells, and is expressed in mouse and human brain (21, 23, 24) . ADAM10-deficient mice have been generated (25) , but their early lethality prevented a reliable analysis of ADAM10 function in vivo, especially in neuronal cells. In particular, evidence is lacking that an increase in activity of putative α-secretases prevents plaque formation and cognitive deficits.
The present study mainly addresses two questions. Does overexpression of ADAM10 in vivo increase the nonamyloidogenic processing of APP and increase APPsα while decreasing Aβ levels and amyloid plaque formation? Will this overexpression also improve the synaptic plasticity and cognitive deficits in a mouse model for the amyloid pathology in AD?
A disintegrin-metalloproteinase prevents amyloid plaque formation and hippocampal defects in an Alzheimer disease mouse model setts, USA) were used. The C18 columns were equilibrated first with 80% acetonitrile/0.1% trifluoroacetic acid (TFA) and then with 0.1% TFA. Subsequently, soluble fractions of the brain homogenates were applied. After washing with increasing concentrations of acetonitrile (5%, 25%, and 50%) containing 0.1% TFA, Aβ peptides were eluted with 50% acetonitrile containing 0.1% TFA. Eluates were lyophilized and then Aβ peptides were dissolved for quantification by ELISA.
Human Aβ40 peptides were quantified by sandwich ELISA as described (31) . Briefly, Aβ40 peptides were captured with a specific antibody directed against the C-terminus of the Aβ peptide, and detection was performed with an antibody directed against amino acids 1-16 of Aβ1-40. Human Aβ42 peptides were quantified using a commercial ELISA assay (Innogenetics, Ghent, Belgium) whereby a specific antibody directed against the C-terminus of Aβ42 peptides is used for capturing and an antibody directed against amino acids 1-5 of Aβ1-42 is used for detection.
Analysis of secreted APP-processing products. APPsα and APPsβ were analyzed by Western blot using 7.5% SDS-PAGE gels and 200 μg protein per lane. APPsα and APPsβ were detected with antibodies 6E10 and 192wt, respectively. For detection and quantitation, 35 S-labeled secondary antibodies (Amersham Biosciences, Freiburg, Germany) were used. Bound radioactivity was detected with the Bio-Imaging Analyzer BAS-1800 (FujiFilm Medical Systems USA Inc., Stamford, Connecticut, USA) and quantified with the software AIDA 2.0 (Raytest GmbH, Straubenhardt, Germany).
Quantitation of membrane-bound APP-processing products and ADAM10. Full-length APP, APP CTFs, and HA-tagged ADAM10 were analyzed in 25 μg of mouse brain membrane protein per lane using 4-12% Bis-Tris NuPAGE gradient gels (Invitrogen Corp., Carlsbad, California, USA) and Western blotting. Full-length APP and APP CTFs were detected with antibody 6687. HA-tagged ADAM10 proteins were detected with the antibody Y-11. Detection and quantitation was performed as described above.
Quantitation of ADAM10 expression levels. ADAM10 proteins were enriched by chromatography on concanavalin A-agarose as described (32) using Triton X-100 for solubilization of mouse brains. Mature ADAM10 was quantified by Western blotting using 10% SDS PAGE gels and 200 μg purified glycoproteins per lane. Quantitation was performed as described above using an anti-ADAM10 antibody.
Immunohistochemistry and quantitative plaque analysis. Brains were dissected and cut sagittally. One hemisphere was fixed with 4% paraformaldehyde in PBS for 24 hours and was then cut frontally. The frontal quarter was embedded in paraffin and sections for histological analysis were prepared according to standard protocols. HA-tagged ADAM10 was detected with antibody Y-11 and amyloid plaques were identified with the antibody 6F/3D, detecting Aβ40 and Aβ42, applying the alkaline phosphatase anti-alkaline phosphatase (APAAP) method with fuchsin as substrate following the manufacturer's protocol (DAKO A/S). Immunostainings with antibodies FCA3340, FCA3542, and 4G8 were also performed.
The occipital paraformaldehyde-fixed quarter was used for quantitation of the amyloid plaque load in the subiculum using thioflavine S staining of vibratome-cut sections (40 μm thick) as described (31) . Well-defined coronal sections at bregma -3.52 mm (33) were stained with thioflavine S and selected for quantitation of the amyloid load in the subiculum. Fluorescence images were acquired on an inverted microscope (Leica DMR; Leica Microsystems, Bensheim, Germany) equipped with a 3 CCD digi-tal camera (Sony DXC-9100P; Sony Corp., Cologne, Germany), and analyzed with dedicated software (Leica QWin system). Light intensity and condenser settings for the microscope were carefully kept constant throughout the entire image acquisition process. Density slice threshold was applied uniformly throughout analysis. The total surface area of amyloid deposits was measured and expressed as a percentage of the total surface of the subiculum.
Electrophysiology. Hippocampal slices (400 μm thick) were prepared from ether-anesthetized 6-to 7-month-old mice using a vibratome. After a recovery period of at least 1.5 hours, slices were incubated in a submersion chamber perfused at a rate of 3 ml/min with warm (30°C), oxygenated (95% O 2 /5% CO 2 ) artificial cerebrospinal fluid. A bipolar tungsten microelectrode was used to stimulate the Schaffer collaterals pathway. The evoked field excitatory postsynaptic potentials were recorded in the stratum radiatum of the CA1 region with a low-resistance (2 MΩ) glass microelectrode filled with 2 M NaCl. The test stimulation (monophasic, 0.1 ms duration) was delivered once per minute. For inducing LTP, two trains of stimulation at 100 Hz for 1 second, 20 seconds apart, were delivered at the same intensity as the test stimulation (biphasic pulses, 0.1 ms per phase).
Morris water maze. Adult male mice (n = 9-10 for each group; strain background, FVB/N-C57BL/6) aged 6-10 months were trained on a Morris water-maze task using a submerged platform following standard procedures (34) . Prominent objects around the maze provided abundant extra-maze cues. Mice performed four trials per day (one session) for 4 days with a maximum length of 90 seconds and an intertrial interval of 90 seconds. The platform was in the same quadrant for all trials and the animals were placed randomly. A computerized video system (EthoVision; Noldus Information Technology, Utrecht, The Netherlands) registered swim path and duration. We allowed the mice to stay on the platform for 30 seconds. On the fifth day we performed a probe trial (60 seconds) without the platform. The time to reach the location of the supposed platform was measured and presented as latency. In addition, the number of annulus crossings was calculated.
Results
Generation and characterization of ADAM10-overexpressing mouse lines. As a first step to explore the activity of ADAM10 in vivo, we generated transgenic mice expressing -under the control of a neuron-specific postnatally active mouse thy1 promoter (28) -either ADAM10 with a C-terminal HA tag or its catalytically inactive form. The inactive form of ADAM10 has the point mutation E384A in the zincbinding motif. In cultured cells, HA-tagged ADAM10 has been shown to retain α-secretase activity, and the E384A mutant has been shown to inhibit generation of APPsα (21) . Three transgenic mouse lines overexpressing ADAM10 were selected and characterized. Furthermore, one line expressing the E384A mutant of ADAM10 (ADAM10-dn) was included on the assumption that it might interfere with endogenous α-secretase-mediated APP processing. By Western and Northern blot analysis, moderate expression levels of HAtagged ADAM10 were shown in two lines, and one line (ADAM10-hi) expressed higher levels of the protein (data not shown). One line expressing moderate levels of ADAM10 (ADAM10-mo) was selected for further study and was also bred to generate homozygous offspring (ADAM10-hz). All ADAM10 transgenic mice were inconspicuous in morphology, breeding, and in daily handling.
The expression of HA-tagged ADAM10 proteins in transgenic mouse brains was demonstrated by immunohistochemistry to be restricted to neurons. As expected for the thy1 promoter used in this study, we detected the highest levels in several layers of the neocortex and in large pyramidal neurons in the hippocampus ( Figure 1, A and B) .
To determine the expression of catalytically active transgenic ADAM10 relative to endogenous ADAM10, we enriched glycosylated proteins of brains from adult animals by concanavalin A-agarose chromatography and subjected them to Western blot analysis using an antibody that recognizes endogenous murine and transgenic bovine ADAM10. Both mature 62-kDa ADAM10 and the 90-kDa proform were detected ( Figure 1C ). The purified 62-kDa protein has been shown to act as an α-secretase in vitro and to cleave Aβ-derived peptides between Leu 16 and Lys 17 (21) . By quan titative analysis we found a 30% increase of mature ADAM10 in line ADAM10-mo and a 70% increase in line ADAM10-hi compared with nontransgenic FVB/N mice ( Figure 1C ). In the line expressing the E384A mutant of ADAM10, a sevenfold increase of the catalytically inactive ADAM10 protein compared with endogenous ADAM10 was determined by the same procedure.
There is evidence that ADAM10 plays a role in the Notch signaling pathway during neural development in embryonic mice (25) . In mouse brains, very low levels of the Notch intracellular domain are beyond the detection limit, thus precluding its direct analysis. We therefore examined whether Notch signaling was affected by analyzing the expression level of Hes5, a gene affected downstream of Notch (35) . Quantitative real-time RT-PCR experiments on total RNA from brains of mice (n = 5 of each line) at the age of 10 weeks revealed no significant differences (P = 0.1) between Hes5 transcript levels of nontransgenic mice and ADAM10-overexpressing mice.
Effect of ADAM10 on APP processing. To investigate the influence of ADAM10 on APP processing in detail, including its effect on amyloid plaque formation and LTP, we generated double-transgenic mice by crossing the ADAM10-overexpressing lines (ADAM10-mo, ADAM10-hi, and ADAM10-hz) as well as the line expressing mutant ADAM10-dn with mice transgenic for human APP [V717I] . The APP [V717I] transgenic line expresses mutant human APP under control of the same thy1 promoter as used for transgenic ADAM10 expression. In this line increased levels of Aβ peptides are detectable around 3 months after birth, followed by defects in LTP and cognition. Furthermore, cortical and hippocampal amyloid plaques and vascular pathology are evident at the age of 12 months (30, 31, 36) .
First we verified that in all double-transgenic mouse lines, the two transgenes do not regulate each other's expression level. To do this, ADAM10 proteins of double-transgenic mice were enriched by lectin chromatography and quantified by Western blotting. This analysis confirmed that in double-transgenic ADAM10 × APP [V717I] mice, catalytically active ADAM10 proteins were expressed at the same level as in the corresponding parental lines. In ADAM10-hz × APP [V717I] mice, ADAM10 expression was 2.2-fold higher than the endogenous level (not shown). Quantitation of human APP [V717I] expression in double-transgenic ADAM10 × APP [V717I] and monotransgenic APP [V717I] mice revealed no significant variation of the level of full-length APP (Figure 2A , last row). This result was further confirmed by quantitative real-time RT-PCR studies (not shown) indicating that transgenic expression of ADAM10 and APP, both under control of the same promoter, do not influence each other.
As APP is a substrate for both the putative α-secretase ADAM10 and for the β-secretase BACE1, the expression levels of endogenous murine ADAM10 and BACE1 might be altered in ADAM10 × APP double-transgenic mice. By quantitative real-time RT-PCR experiments, we could not detect differences in brain mRNA levels between double-transgenic ADAM10-mo × APP [V717I] , ADAM10-dn × APP [V717I] , and APP [V717I] monotransgenic mice (not shown).
Changes in APP processing can be detected in APP [V717I] transgenic mice by the early age of 3 months (30); therefore, we analyzed brain samples of 18-week-old double-transgenic ADAM10 × APP [V717I] animals and monotransgenic APP [V717I] control mice. As expected with enhanced α-secretase activity, overexpression of ADAM10 strongly augmented both the levels of secreted APPsα and the membrane-bound α-secretase-cleaved APP CTF (CTFα) ( Figure  2A ). Quantitation revealed that the level of neuroprotective APPsα increased more than twofold in all three double-transgenic lines overexpressing ADAM10. The level of the corresponding CTFα was increased somewhat less, approximately 1.7-fold, which is presumably due to further cleavage by γ-secretase ( Figure 2B ). We also observed a small reduction in the amount of β-secretase-cleaved secreted APPsβ (Figure 2, A and B) , indicating that there is competition between the two major proteolytic pathways acting on APP in vivo.
Compared with CTFα, the amount of CTFβ was already low in APP [V717I] transgenic animals, thus preventing reliable quantitation of any changes in double-transgenic animals ( Figure 2A) .
Analysis of brain homogenates from mice overexpressing dominant-negative ADAM10 revealed that the α-secretase pathway was strongly inhibited, as concluded from the 75% reduction in APPsα levels ( Figure 2, A and B) . Surprisingly, the quantity of CTFα was only slightly decreased, by about 20%, indicating that the CTFα in ADAM10-dn × APP [V717I] transgenic mice is more resistant to further proteolytic degradation than in APP [V717I] mice. Quantitation of APPsβ revealed a small increase in ADAM10-dn × APP [V717I] mice compared with APP [V717I] control animals ( Figure 2B ).
The levels of the APP-derived soluble peptides Aβ40 and Aβ42 in brains of double-transgenic mice and APP [V717I] control animals at the age of 18 weeks were quantified by specific sandwich ELISAs. In all lines overexpressing ADAM10, the amounts of Aβ40 and Aβ42 were decreased relative to those in mice of the parental APP [V717I] line. We found that in line ADAM10-hz × APP [V717I] , the amounts of both peptides were reduced by about 44% and 40%, respectively ( Figure 2C ). In line ADAM10-mo × APP [V717I] , Aβ40 and Aβ42 were reduced by 49% and 2%, and in line ADAM10-hi × APP [V717I] , by 39% and 29%, respectively. In brains of mice that overexpress mutant ADAM10-dn and APP [V717I] , both peptides were increased by about 30% ( Figure 2C ).
In the parental APP [V717I] transgenic line, amyloid plaque formation is caused by increased levels of Aβ peptides. Plaque load is evident at the age of 12 months and reaches its maximum within 15 months of age (30) . Therefore, we analyzed plaque formation in all double-transgenic ADAM10 × APP [V717I] , ADAM10-dn × APP [V717I] , and APP [V717I] control animals when they were 15-19 months old.
For immunohistology on cortical brain areas, we used several antibodies to characterize the composition of amyloid deposits. Antibody 6F/3D detects amyloid peptides Aβ40 and Aβ42, but not the p3 fragments Aβ17-40 and Aβ17-42. To investigate whether overexpression of ADAM10 may lead to the deposition of p3 fragments, additional immunostainings were performed using the antibody 4G8 and antibodies directed against the C-terminus of either AβX-40 or AβX-42 peptides (FCA3340 and FCA3542, respectively). These three antibodies recognize p3 fragments in addition to Aβ40 and Aβ42.
We found that in APP [V717I] control animals, plaque load did not increase significantly in the time interval between 15 and 19 months. The majority of mice coexpressing ADAM10 together with APP [V717I] developed no plaques (Figure 3 , A-C), while in some (6 of 20) we found only isolated tiny or diffuse amyloid deposits ( Figure 4, A and B) , demonstrating that increased ADAM10 activity almost completely prevents amyloid plaque formation. This phenomenon was observed with only a moderate overexpression of ADAM10 (Figure 3 , A-C) and was independent of the sex and age of the animals in the investigated time interval.
Antibodies recognizing N-terminally truncated Aβ peptides (e.g., 4G8; Figure 3B ) did not detect additional amyloid deposits compared with an antibody directed against an epitope located at the N-terminal site of the α-secretase cleavage position ( Figure  3A) , demonstrating that ADAM10 overexpression does not lead to deposition of p3 fragments.
In contrast, double-transgenic mice expressing mutant ADAM10-dn clearly developed larger amyloid plaques (diameter up to 130 μm) in amounts severalfold higher than were found in APP [V717I] transgenic mice (Figure 3, A and B) . Furthermore, both AβX-40 and AβX-42 peptide isoforms were found in deposited plaques with specific antibodies. The antibody against the C-terminus of AβX-42 detected more plaques than did the anti-AβX-40 antibody (Figure 4 , C and D). In this respect, line ADAM10-dn × APP [V717I] behaves like the parental APP [V717I] line, in which plaques stained more intensely with the anti-AβX-42 antibody FCA3542 than with the anti-AβX-40 antibody FCA3340 (30) . The cerebral amyloid angiopathy seen in parental transgenic APP [V717I] mice (36) was also observed in ADAM10-dn × APP [V717I] double-transgenic mice but was absent in ADAM10-mo × APP [V717I] double-transgenic animals ( Figure 3, A and B) .
For quantitation of the amyloid plaque load we focused on the hippocampal subiculum area, because in the parental APP [V717I] line, massive amyloid plaque formation can be detected in that area by immunohistochemistry and by thioflavine S staining (31) . In all double-transgenic ADAM10 × APP [V717I] lines, thioflavine S-stained β structures were of negligible quantity, but in mice expressing mutant ADAM10-dn together with APP [V717I] , the amyloid plaque load was fourfold higher than that in the parental APP [V717I] line (Figure 3, C and D) . In addition to enhanced plaque formation, amyloid deposits occurred earlier in ADAM10-dn-expressing animals than in APP [V717I] mice, as we observed a high plaque load at 12 months of age in ADAM10-dn × APP [V717I] mice ( Figure 3E ).
Taken together, even relatively minor changes in the generation of Aβ peptides due to ADAM10 or mutant ADAM10 overexpression in brains of young APP-transgenic animals led to substantial differences in amyloid deposition over longer time periods: overexpression of ADAM10 clearly delayed senile plaque formation, and, in contrast, inhibition of the α-secretase pathway resulted in a faster and more pronounced plaque formation in the mouse model used.
Effects of ADAM10 on LTP and memory. In human AD patients and in animal models, the hippocampal formation is one of the most affected CNS areas. Therefore, we addressed the question of whether typical hippocampal defects previously demonstrated in the parental APP [V717I] transgenic line (30, 31) were alleviated in ADAM10 × APP [V717I] double-transgenic animals expressing both transgenes in hippocampal neurons.
LTP, an electrophysiological correlate of synaptic plasticity, was measured at the level of synapses between the Schaffer collaterals and CA1 pyramidal cells in brain slices of transgenic mice. Tetanic stimulation triggered a significantly impaired LTP in APP [V717I] transgenic mice, confirming previous findings (30, 31) . This effect was corrected by overexpression of ADAM10 ( Figure 5A ). Immediately after its induction, the potentiation of the field excitatory postsynaptic potential slope reached similar levels in both groups (200% ± 22% SEM versus 190% ± 38%, expressed as percent of baseline). However, 2 hours later, this potentiation, which still reached 182% ± 11% in slices from ADAM10-hz × APP [V717I] mice, was only 120% ± 7% in APP [V717I] transgenic animals (P < 0.01). ADAM10-hz × APP [V717I] mice were back to normal conditions, as the field excitatory postsynaptic potential slope in nontransgenic control animals (not shown in Figure 5 ) was 196% ± 10% (P = 0.38). The relationship between stimulation intensity and the amplitude of the response by which basic excitability and synaptic transmission can be tested was similar in both groups ( Figure 5B ). Paired-pulse facilitation related to a very short-term presynaptic mechanism was also the same in both groups ( Figure 5C ).
Finally, cognitive characteristics of the mice were analyzed more globally by the Morris water-maze test, the most widely accepted behavioral test of hippocampus-dependent spatial learning and memory (37) . Because FVB/N mice are not optimal for this task due to vision defects (38) , F1 hybrid mice from transgenic mice and C57BL/6 animals were generated and investigated. Heterozygous APP [V717I] transgenic mice in the same strain background devel- op an amyloid pathology by the age of 12 months (van Leuven, unpublished data), but defects in hippocampus-dependent learning are already evident at the age of 6-10 months (30). In the Morris water maze, observed deficits in the acquisition phase of place learning and in the probe trial were not due to visual problems, as demonstrated in the cued navigation (visible platform) test in which APP [V717I] mice and nontransgenic hybrid mice displayed identical escape latencies (30) .
We compared spatial learning and memory between male APP [V717I] transgenic, double-transgenic ADAM10-mo × APP [V717I] , and nontransgenic FVB/N-C57BL/6 control mice. The time for reaching the location of the submerged platform was measured and presented as latency. As has been reported before (30, 31) , APP [V717I] transgenic mice were impaired in learning compared with nontransgenic animals ( Figure 6A ). Two-way ANOVA revealed a significant difference in latency resulting from genotype [factor one; F(2,25) = 6.35, P < 0.01], and for the test day [factor two; F(3,75) = 46.22, P < 0.001] as well as for the genotype-session interaction [F(6,75) = 2.27, P < 0.05]. The APP [V717I] transgenic mice were also deficient in retaining the learned position, as revealed in a test trial without platform ( Figure 6B ): a significant difference in probe trial escape latency [F(2,25) = 4.87, P < 0.05] and probe trial annulus crossings [F(2,25) = 384, P < 0.05] (not shown) was observed between APP [V717I] transgenic mice and double-transgenics overexpressing ADAM10. Both learning and memory were nearly fully restored in APP [V717I] mice moderately overexpressing ADAM10 ( Figure 6 , A and B): these animals needed significantly less time to reach the platform location. The distinct genotypes were not significantly different with regard to swimming speed (nontransgenic mice: 20.7 ± 0.6 cm/s; APP [V717I] mice: 17.9 ± 1.1 cm/s; ADAM10-mo × APP [V717I] mice: 17.5 ± 1.4 cm/s), demonstrating that neither locomotion nor motivation were affected.
Discussion
Our finding that neuronal overexpression of ADAM10 augments the α-secretase cleavage of APP provides the first evidence that a proteinase of the ADAM family acts as an effective α-secretase in vivo. We particularly note that even a moderate increase in ADAM10 expression strongly stimulates the α-secretase processing of APP, delays plaque formation, and alleviates cognitive defects in a transgenic AD mouse model. Our observation that higher expression of ADAM10 does not further increase the amount of α-secretase cleavage products may be explained by a limited amount of the substrate APP at the cell surface, where cleavage by the α-secretase predominantly occurs (21, 39) . In addition, as a negative feedback, larger amounts of secreted APPsα might be degraded extracellularly by trypsin-like serine proteinases (40, 41) .
The additional beneficial result of the enhanced α-secretase cleavage of APP with increased APPsα production is reduced APP proteolysis in the amyloidogenic pathway, resulting in lowered levels of APPsβ and soluble amyloid peptides. This effect of ADAM10 overexpression on the amyloidogenic pathway is lower than might be expected from the high increase in APPsα, which probably reflects the different localization of the α-and β-secretases: the mature active form of ADAM10 is found on the cell surface (21), whereas BACE1 is mainly active in endosomes and the trans-Golgi network (42) . Although our results show only a partial inhibition of the β-secretase pathway, the reduction of soluble Aβ peptides as observed in young mice is sufficient to almost completely prevent the formation of amyloid plaques in older transgenic animals.
Our observation is in line with recent studies using other APP transgenic mouse models. After overexpression of the adapter protein X11α in APPswe Tg2576 transgenic mice, amyloid plaque formation was reduced, although Aβ42 levels were unchanged and Aβ40 levels were decreased by only about 24% (43) . Overexpression of a mutant copper transporter in transgenic APP mice (TgCRND8) clearly decreased the amyloid plaque burden in the cortex and hippocampus, although the brain levels of Aβ40 and Aβ42 were only slightly and not significantly reduced (44) .
Since purified mature ADAM10 is able to cleave soluble Aβ-derived peptides in vitro (21) , the cleavage of soluble Aβ by ADAM10 also in vivo might contribute to the strong inhibition of plaque formation. As we neither detected any additional deposits of potentially neurotoxic p3 peptides nor obvious morphological abnormalities in ADAM10 × APP [V717I] double-transgenic mice, we conclude that stimulation of the α-secretase pathway by ADAM10 overexpression does not contribute to neurodegeneration.
The dominant-negative mutant of ADAM10 as identified in cell culture studies (21) is shown here to inhibit the α-secretase cleavage of APP and therefore the generation of APPsα in vivo. In spite of the large decrease of APPsα, we observed only small increases in the levels of APPsβ and soluble Aβ peptides. Nevertheless, doubletransgenic ADAM10-dn × APP [V717I] mice developed drastically more and larger amyloid plaques than control animals, and their plaque formation started at an earlier age. This result is in line with the well-known phenomenon that very small increases of Aβ peptides might finally result in amyloid deposition as diffuse and senile plaques in AD (1). Furthermore, our observation strengthens the hypothesis that ADAM10 in vivo also may repress amyloid plaque formation by cleavage of soluble Aβ peptides. Inhibition of this Aβ peptide cleaving activity by the dominant-negative mutant might further promote plaque formation in the AD mouse model.
In the current study, we demonstrate that ADAM10 overexpression in an AD animal model reverses impaired LTP and cognitive deficits early in life before plaque formation occurs. As reported (31), a neuron-specific knockout of presenilin 1 prevented amyloid plaque formation, but did not improve cognitive deficits of APP [V717I] mice, the mouse model used in the present investigation. In our study, the beneficial effect of increased ADAM10 activity, including cognitive improvements, can most likely be attributed to the combined effects of decreased levels of toxic Aβ peptides and endogenously increased amounts of neuroprotective APPsα. Exogenously applied APPsα has been shown to enhance LTP in hippocampal slices (45) , and in behavioral paradigms, intracerebroventricularly administered APPsα enhanced memory in normal and amnesic mice (46) . Furthermore, a positive association between cerebrospinal fluid levels of APPsα and cognitive performance in rats has been reported (47) .
Because neurotoxic Aβ peptide levels are increased and neuroprotective APPsα is drastically decreased in ADAM10-dn × APP [V717I] expressing mice, we assume that LTP should be impaired compared with APP [V717I] mice. However, as the beneficial effect of ADAM10 overexpression was the focus of our interest, this was not analyzed.
In conclusion, the results provide strong evidence that ADAM10 acts as an efficient α-secretase in vivo, without excluding other members of the ADAM family as α-secretases. For treatment of AD, activation of the α-secretases, especially ADAM10, may be particularly promising compared with other targets, because it combines several beneficial effects: inhibition of Aβ peptide production by cleavage of APP at the α-secretase site, further reduction of the Aβ level by cleavage of soluble Aβ peptides, and generation of neuroprotective APPsα. Despite intensive efforts, it has been difficult to find safe and selective β-and γ-secretase inhibitors, mainly because of the influence of inhibitors on other substrates. Activation of proteases degrading Aβ peptides, like the insulindegrading enzyme or neprilysin, represents another therapeutic approach (48) . These enzymes, however, have a number of substrates, and the signaling pathways for upregulation are largely unknown at present. Cleavage of putative substrates other than APP by ADAM10 might play a role during neural development (25, 49, 50) , but probably has no effect or minor effects in adults. In our mouse model at least, we found no indications that ADAM10 affects Notch signaling in the brain of adult animals.
An increase in activity of α-secretases, particularly ADAM10, in the brain of AD patients may be achieved by modulating selective signaling pathways that increase their activity or expression level. Newly developed protein kinase C activators with a marked loss of tumor-promoting activity that strongly enhance α-secretase activity (51) are worth further exploring as possible therapeutics in the treatment of AD. Stimulation of receptors for neuropeptides and neurotransmitters localized in brain areas affected by AD (52) might be another valuable approach that we are examining. Muscarinic agonists increase α-secretase activity in vitro and in vivo. In a study, AD patients treated with a selective M1 (muscarinic) agonist for 4 weeks showed a significant decrease in levels of Aβ peptides in cerebrospinal fluid (53) . For the discovery of novel α-secretase activators, we developed a screening assay for libraries of small-molecular-weight compounds. Reduction of cellular cholesterol was recently shown to stimulate the generation of APPsα by ADAM10 and to inhibit Aβ peptide formation (23) . Therefore, treatment with inhibitors of cholesterol biosynthesis might be a further opportunity for an increase in α-secretase activity and therapeutic intervention.
Finally, as another strategy, we propose the transfer of the ADAM10 gene to the brain. Intravenous transfer of the tyrosine hydroxylase gene was recently successfully applied to reverse symptoms of experimental Parkinsonism (54) . Using this approach, we are presently investigating in an animal model whether an increase of α-secretase expression and activity at later stages in life could still exert such beneficial effects as shown here, since this would open approaches to a therapy of the neurodegeneration in AD.
